a. Coupling these two reactions allows ATP to be cycled back to ADP b. Coupling these two reactions allows the energetically unfavorable phosphorylation of glucose reaction to proceed. c. Coupling these two reactions allows the energetically unfavorable production of ATP to proceed. d. Coupling these two reactions allows the phosphate from the glucose reaction to be utilized in the production of ATP. e. There is no benefit; the glucose reaction can not proceed if these reactions are coupled. a. 1/V vs. 1/S plot of these data would give 3 straight lines. b. If B r epr esents substr ate alone, C would r epr esent substr ate in the pr esence of a negative heter otr ophic effector . c. S (0.5) for line A is less than that of line B. d. S (0.5) for line C is less than that for B e. The interaction coefficient (n) for line B is greater than line A.
4) Which one of the statements below is most correct in considering the

Instructors Guide IRAT/GRAT:
In general students did well on these questions and there were no particular problems. Question 9 was originally on the application, but did not seem challenging enough and has been moved to the IRAT/GRAT.
1. The standard free energy change is the free energy of transformation for the above reaction under "standard" conditions, which are defined as 1 ATM, 25 o C, and 1M concentrations of all components. In biological systems a pH of 7 is also standard and is sometimes designated as ∆G o '. Thus the ∆G of this reaction will depend on the ∆G o of this reaction and on the concentrations of the components. The relationship between ∆G o of a reaction and its equilibrium constant can be obtained by considering the reaction at equilibrium when ∆G = 0 and K eq is reached. For the reaction: 2. The overall free energy change for a chemically coupled reaction is equal to the sum of the free energy changes for each individual step of the reaction. The phosphorylation of glucose by glucokinase or hexokinase and the conversion of ATP to ADP are illustrated below:
Glucose + Pi-----> glucose-6-phosphate ∆G o (1) = + 3.39 kcal/mol, K eq = 0.0035 ATP ---> ADP + P i ∆G o(2) = -7.3 kcal/mol ATP + glucose --> glucose-6-phosphate + ADP The net free energy change is therefore:
3. Although enzymes can greatly increase the speed (kinetics) of a reaction, they cannot alter the thermodynamics. However, the system can couple a thermodynamically unfavorable reaction (endergonic) with a second favorable reaction (exergonic) (Correct answer b.) The conversion of ATP to ADP is exergonic and can proceed without coupling (not answer a). The goal of the coupled reaction is the use of energy from ATP cleavage to phosphorylate glucose, not to make ATP (not answers c or d). As noted from the answer in #2, the reaction does proceed, thus not answer (e). Substrate availability for the enzyme is an obvious but often overlooked regulator (not answer d). The presence of enzyme intermediates or a product of an enzyme pathway are often reversibly inhibitory (not answer e). Intrinsic properties of an enzyme can be regulated by noncovalent binding to other molecules; e.g., AMP inhibition of fructose 1, 6, bisphosphatase (FBPase 1), or fructose 2, 6-bisphosphate activation of phosphofructo-1, kinase (PFK 1) (not answer a). Enzymes can be regulated by post-translational covalent reactions. These reactions can be reversible (phosphorylation by protein kinases) (not answer b) or irreversible (proteolysis: e.g. irreversible cleavage of serine proteases that are secreted as zymogens (thus answer c is not reversible and is the correct answer). Other covalent reactions include glycosylation, acylation, and prenylation).
Enzyme activity can also be regulated in the cell by changing the number of enzyme molecules via synthesis or degradation; or, by Translocation of an enzyme from a cell compartment in which it is inactive to a compartment where it becomes active. where the inhibitor binds to a different site on the enzyme from the substrate, and as a result does not interfere with substrate binding. Here, K m is not affected and the [1/S] intercepts are the same, but V max is decreased because the enzyme is not as catalytically efficient in the presence of the inhibitor, so the lines cross 1/V axis at different points. Graph B represents uncompetitive inhibition where the inhibitor binds reversibly only to the enzyme-substrate complex and when bound inhibits catalysis so V max decreases. Because this removes some of the ES complex, Km (apparent) actually decreases so the lines do not intersect at either 1/V or 1/K m and appear parallel. Graph E represents competitive inhibition where the inhibitor competes with the substrate for the same binding site on the enzyme. Increasing [I] results in a family of lines with a common intercept on 1/V 0 but with increasing slopes indicating that V max is unchanged by the presence of a competitive inhibitor while K m increases. Graph C represents mixed inhibition, where the binding of inhibitor (I) occurs at a different site from substrate, decreasing the efficiency of the enzyme and lowering Vmax (like non-competitive inhibition). However, in this case the binding of I alters the substrate-binding site, reducing the affinity of E for substrate, so that K m is typically increased and the curve no longer intersects at -1/K m . Graph D is more complicated and displays a compound that has biphasic activity, such as ATP on PFK1. This is a weak acid with a pKa of 5. Using acetic acid as an example (CH 3 COOH), the mid point of titration, pKa of 5, yields 50% protonated [CH 3 COOH] = [CH 3 COO -] species. As the titration is continued by addition of base (NaOH), the remaining non dissociated form gradually loses its proton to OH -to form H 2 O and CH 3 COO -until at about pH 7, it is almost completely unprotonated.
8. The pKa is the dissociation constant for the ionization reaction of an acid or base, It expresses on a logarithmic scale the strength of a weak acid of base, the stronger the acid the lower its pKa, the stronger the base, the higher its pKa and is giving by: pKa = log 1/Ka = -log Ka The pKa can be determined experimentally. It is the pH at the mid point of the titration curve shown when the concentrations of the protonated and deprotonated forms are equal and thus have maximal buffering capacity (Correct answer c).
For the reaction: ATP • ADP+ Pi
The free energy • (∆G) of this reaction is given by:
This question was originally on the application but did not seem to be challenging enough, and we have moved it to the IRAT/GRAT.
10. The plot shown represents a reaction of a multi-subunit enzyme that displays positive cooperativity. That is, as the enzyme binds substrate at the first subunit, the affinity for binding substrate at the next subunit increases, the binding of oxygen to hemoglobin is a good example. Standard plots of V versus S, or 1/V versus 1/S are NOT linear (not a) and cannot be treated by Michaelis-Menton kinetics. The V versus S plot of this reaction would be sigmoidal, but a linear plot can be obtained by plotting Log (V/V max -V) vs. Log [S] . As the enzyme does not have a fixed constant affinity for substrate, K m is not used. Rather, a value called S (0.5) is used, which is the substrate concentration that gives half-maximal velocity, but represents the average affinity of substrate for enzyme. The slope of the line is called the interaction coefficient and describes the degree of cooperativity. Slopes greater than 1 indicate positive cooperativity. A slope of 1 corresponds to no cooperativity and a slope less than 1 indicates negative cooperativity. For a tetramer, the theoretical maximum slope would be 4. Actual values for tetramers are never higher than 3.5. Lines A and B in the Figure have the same S 0.5 (not answer c) and line A has a steeper slope than line B (not answer e). Line C has a much larger S 0.5 and thus a much lower average binding affinity for substrate (not answer D). Thus, the effector added in line C is a negative heterotrophic effector (Correct answer b). Effectors that shift the curve to the left are positive heterotrophic effectors.
Application -Thermodynamics, Enzyme Kinetics, and pH 1. A kinetic study was conducted on a purified enzyme (5 mg/ml) of the kinase family in a buffer optimized for this kinase. Velocity was measured at ATP concentrations ranging from 0.01 mM to 2.5 mM in the presence of a constant amount of substrate for phosphorylation. A Lineweaver-Burk plot of the initial velocity of phosphorylation is shown on the right as a function of ATP concentration. These results suggest that: a. ATP is both a substrate and, at higher concentrations, an inhibitor of this kinase. b. There is an essential cofactor not present that is preventing the kinase from functioning. c. This kinase follows normal Michaelis-Menton kinetics for a typical monomeric enzyme. d. This kinase has a Hill coefficient less than one. e. This kinase is utilizing a "ping pong" mechanism of action.
2. Given that ATP is both a substrate and an inhibitor, what does this suggest about the structure of this enzyme?
a. ATP is a competitive inhibitor. b. ATP is a V-system allosteric inhibitor. c. This enzyme has at least two binding sites for ATP, a high affinity substrate site and a low affinity inhibitor site. d. This enzyme cannot be a dimer. e. This enzyme must be a dimer.
3. An enzyme which is working at 70% of its Vmax at a concentration of 7 mM substrate has a Km of a. a. An allosteric activator blocks the back reaction.
b. An allosteric inhibitor blocks the back the reaction. c. The products of the reaction will never reach a level that would yield any significant back reaction. d. The enzyme does not lower the energy of activation for the back reaction e. The concentration of Pi in the cell is always too low to drive the back reaction.
7. Phenytoin is an acidic drug that is used to treat epilepsy and can be used intravenously to treat life threatening seizures (see structure below). However, the drug must be given slowly. A new intern has asked you as a pharmacist if he could dilute the sodium phenytoin (pK = 8.1) with a standard bag of IV fluid (pH 4.5) for ease of administration. 8. Assume that the micro-environment surrounding a single histidine residue in each α-chain of Hb yields a pK for this residue of 6.0 in the oxyhemoglobin form and of 7.0 in the deoxyhemoglobin form. Considering just these two histidine residues, and a blood pH of 7.4, calculate the average number of protons that will be delivered from the tissue to the lung per hemoglobin molecule.
What is the ratio of the ionized form [
From the scenario given, calculate the average number of protons that will be delivered from the tissue to the lung per each hemoglobin molecule per cycle of deoxygenationoxygenation. Instructor's Guide -Application 1. The figure illustrates a biphasic reaction for ATP and suggests that at low concentrations, increasing ATP increases the velocity, but at higher concentration ATP begins to inhibit the reaction (Correct answer a) . The enzyme appears to be functioning quite well at low ATP concentrations (not answer b). The plot shown is not typical of monomeric reactions (not answer c). The Hill coefficient and the mechanism of action can not be determined from this kind of plot (not answers d or e).
Teams initially struggle with this question because is plotted as the reciprocal of the MichaelisMenton equation. However, they soon figure this out and it generates good intra-team discussions. Thus far nearly all teams have answered it correctly.
2. The data can be interpreted as follows: At low concentrations, ATP binds as expected to a substrate binding site and increases the rate of the reaction as its concentration increases between 0.001 (1/S = 100) and 0.05 (1/S = 20). However, instead of displaying normal saturation kinetics and a V max as would be typical for a monomeric enzyme, additional ATP becomes inhibitory at higher concentrations. This result suggests a 2nd binding site for ATP -an allosteric regulatory site that is inhibitory and as a lower affinity for ATP than the substrate binding site (Correct answer c). ATP is a completely different molecule form fructose 6-phosphate and can not be a competitive inhibitor (not answer a). Since this experiment was done at a constant level of fructose 6-phosphate it is not possible to distinguish V-system and K-system inhibition (not answer B). The data suggest that this is a multi-subunit enzyme, but does not address the degree of oligomerization (not answers d or e). Teams always do well on this question and it generates good explanations of the difference between substrate and regulatory binding sites on enzymes. This was originally an IRAT question in which only ~50% of class got it correct. Students struggle because the question does not give an absolute value for velocity. They have to figure out to set the problem up in relative terms as described above. Interestingly, teams have always gotten this correct with excellent peer-to-peer teaching, pointing out again the power of the team.
4. In competitive inhibition the double reciprocal plot shows lines for the Control and +inhibitor with a common intercept on 1/V (1/Vmax = ½ =0.5) (not answer D) but with different slopes (rules out answer C) -non-competitive, and (rules out answer E) -un-competitive). Addition of the inhibitor decreases the velocity (rules out answer A). Km is 10mM and is determined on the double reciprocal plot at the intercept of 1/[0.1] (Correct answer B, not answer D). Teams usually spend a few minutes debating and understanding each plot. Teams have always arrived at the preferred answer, but they think a little before they get there and the peer to peer teaching is very good. This question is more difficult than most ∆G question. When used previously on an exam, this question was answered correctly by only half the class. Some teams arrive at the preferred answer very quickly. Other teams initially struggle with this question, until someone realizes that you have to convert the initial K eq to a ∆G 0 and then convert back to the second K eq . As a result, the time required for this question varies a lot more between teams then most other questions. Occasionally, a slower team may miss this question, because they are pushed for an answer before they have figured out the proper method. If an instructor is pressed for time this question could be omitted in the interest of time.
6. In a cell the products of a reaction are often consumed by subsequent steps in the pathway. In this case the levels of fructose 1, 6, bisphosphate and ADP will never be high enough in a live cell to catalyze any significant back reaction (Correct answer c). Thus, in gluconeogenesis a new reaction is required at this step (fructose 1, 6, bisphosphatase or FBPase1) which hydrolytically cleaves the high energy 1-phosphate. Activators and inhibitors must affect both the forward and backward reaction (not answers a or b). The energy of activation must be lowered in both directions (not answer d). Inorganic phosphate (Pi), does not play a role in this reaction (not answer e). This is where the teams sometimes get stuck. To solve the problem from here you need to realize that each tetramer of hemoglobin has 2 alpha chains and exactly 2 histidines to consider. Thus His + His + = 2 for each tetramer of hemoglobin. This step does not require knowledge so much as simple logic, which is challenging for the team.
Therefore, setting His + as X, His becomes (2-X) for oxyhemoglobin 25.1 = 2-X/X = 26.1 X = 2 X = 0.077 For deoxyhemoglobin 2.51 = 2-X/X = 3.51 X = 2 X = 0.57 0.57 -0.08 =~0.49 protons per tetramer. (Correct answer b) 9. We continue with this question only if time permits (once in four years). At 15,000 MW per chain, Hb A is 15,000 x 4 subunits = 60,000 mg/mMol. At 100 mg/ml that is: (100 mg/ml) / (60000 mg/mMol) = 0.00167 mMol/ml at 0.49 mMol protons delivered per mMol Hb = 0.000818 mMol protons/ml times 4,900 ml/ min = 4 mMol/min (Correct answer c).
Learning Objectives:
1.) To be able to calculate spontaneity and equilibrium of biochemical reactions and coupled biochemical reactions. 2.) To be able to interpret velocity versus substrate experiments for single subunit (MichaelisMenton) and multi-subunit cooperative enzymes (Hill plot). 3.) To be able to distinguish between competitive, non-competitive, and un-competitive effects of drugs and the ramifications of each type. 4.) To be able to define the concepts of allosterism and cooperativity and apply those concepts to the regulation of metabolism. 5.) To be able to calculate pH and the concentrations of protonated and de-protonated species to predict drug solubility and transport and proton carrying capacity of certain proteins such as hemoglobin.
MedEDPORTAL"
Description: This is a Team-based learning exercise used to review concepts and apply knowledge in thermodynamics, enzyme kinetics and pH in a medical biochemistry course. It is presented here as a paper copy, but can be presented to classes on a course server or as a PowerPoint presentation. The goal of the resource is to 1.) Assess the student's ability to recall facts and concepts concerning thermodynamics, enzyme kinetics, and pH (IRAT/GRAT); and 2.) To challenge students to apply and integrate the information they have learned in a team based learning environment (application). The resource includes 10 IRAT/GRAT multiple choice questions which focus on concepts and facts in thermodynamics, enzyme kinetics, and pH and 9 questions in which the students must be able to apply that knowledge to solve the problem (Application). The GRAT works well with IF-AT cards, but the application generates the best intra-team and inter-team discussions if completed one question at a time. Instructors guides for both the IRAT and application are included.
Objectives: 1.) To be able to calculate spontaneity and equilibrium of biochemical reactions and coupled biochemical reactions. 2.) To be able to interpret velocity versus substrate experiments for single subunit (MichaelisMenton) and multi-subunit cooperative enzymes (Hill plot). 3.) To be able to distinguish between competitive, non-competitive, and un-competitive effects of drugs and the ramifications of each type. 4.) To be able to define the concepts of allosterism and cooperativity and apply those concepts to the regulation of metabolism. 5.) To be able to calculate pH and the concentrations of protonated and de-protonated species to predict drug solubility and transport and proton carrying capacity of certain proteins such as hemoglobin.
Keywords: thermodynamics, enzyme kinetics, pH, cooperativity, allosterism, competitive inhibition, noncompetitive inhibition, un-competitive inhibition, Henderson-HAsselbalch equation,
Effectiveness:
This TBL exercise has been used for 4 years at the Indiana University School of MedicineSouth Bend and modified to its present form. The resource has been well-received and evaluated by the students each year as a very useful TBL exercise that promoted their ability to apply the concepts of thermodynamics, enzyme kinetics and pH to solve significant problems. The team-based learning format also promotes the communication and professionalism competencies.
Special Implementation:
This is a standard TBL exercise that follow the guidelines of TBL. Teams of 5-6 students are formed and kept the same throughout the first year. The students prepare for the session from a specified variety of resources, including: text-book, instructor prepared notes, instructor prepared PowerPoint presentation; and, Camtasia recordings (Camtasia records PowerPoint presentations with annotations and audio that can be edited) of previous lectures delivered on this material. All material is available on our Course server (Angel). The IRAT is given first to individual students (15-20 min.) . This can be given as a hard copy with or without scantron. At IUSM-SB we give the exam online via our Angel course server.
The IRAT is then immediately taken again in a team format (GRAT) using IF-AT cards (Immediate feedback asessment technique, ©M.L. and B.B. Epstein)(15 min). A brief period for discussion follows only if the AF-AT cards indicate a problematic question or there is a team appeal.Let the students describe and resolve the problem. The application follows (75-90 min). The scenario is given a page at a time and the application questions are done one at a time with the usual intra-team discussion with simultaneous presentation of answers. Let each team describe and defend their answers. When answers differ, let the teams discuss the differences and usually they will come to a consensus on the correct answer. At IUSM-SB, the application scenario is provided by PowerPoint and the application question are provided online through our Angel course server. Simultaneous reporting can occur via cards, or an audience response system (this system must not report until all teams have responded). The entire TBL session is completed in 2 hours. This is described in a little more detail in the instructor's guide to Team-based learning included with the resource.
Lessons Learned:
Most 1st year medical students are already acquainted with the concepts of thermodynamics, pH and enzyme kinetics presented in this exercise. These three areas are included together as they each make up a portion of a 2 hour TBL session. The team-based learning format allows them to apply and experience these largely review concepts in what I believe is a more productive learning outcome then a traditional lecture. The TBL format also teaches students the art of working in teams, communicating with peers, negotiating answers, professionalism, and life-long learning skills. While not part of this particular resource, students are required to periodically evaluate their teammates and learn peer evaluation skills.
Presentations:
Portions of this TBL have been presented at a TBL workshop at the Association of Medical Biochemistry course directors meeting, Myrtle Beach, 2009.
